Ostreid herpesvirus (OsHV) can cause mass mortality events in Pacific oyster 43 aquaculture. While various factors impact on the severity of outbreaks, it is clear that 44 genetic resistance of the host is an important determinant of mortality levels. This 45 raises the possibility of selective breeding strategies to improve the genetic 46 resistance of farmed oyster stocks, thereby contributing to disease control.
2015; Malham et al. 2009 ). Given that Pacific oysters account for 98% of global 73 oyster production, which was estimated at ~0.6M tons in 2015, this pathogen is a 74 significant problem for global aquaculture. Due to the current lack of effective options 75 to prevent or control disease outbreaks (e.g. no option for vaccination and limited 76 evidence of effective biosecurity) improving host resistance to OsHV-1 via selective 77 breeding has become a major target. 78 A significant additive genetic component has been described for survival during 79 OsHV-1 infection, with estimated heritability values ranging from 0.21 to 0.63 80 (Azéma et al. 2017; Camara et al. 2017; Dégremont et al. 2015a) . Substantial efforts 81 are being made to establish selective breeding programs for C. gigas with OsHV-1 82 resistance as the primary target trait. An encouraging response to selection for 83 resistance has been observed in C. gigas spat after four generations of mass 84 selection (Dégremont et al. 2015b) . Modern selective breeding programs for 85 aquaculture species can facilitate the simultaneous selection of multiple traits, 86 including those not possible to measure directly on selection candidates. Genomic 87 tools can facilitate this process, allowing for increase in selection accuracy and rate 88 of genetic gain for target traits, with improved control of inbreeding (Houston 2017) . 89 Further, these tools allow investigation of the genetic architecture of key production 90 traits, opening up possibilities for downstream functional studies to discover genes 91 contributing directly to genetic variation. Putative QTL affecting host resistance to 92 OsHV-1 have been identified using a linkage mapping approach (Sauvage et al. 93 2010), but genome-wide association approaches have not previously been 94 performed in oysters and offer a substantially higher marker density and mapping 95 resolution.
96
SNP arrays are enabling tools for genetic analysis and improvement of 97 complex traits in farmed animal species. In the past few years, many genomic 98 resources have been developed for C. gigas and include a reference genome 99 assembly (Zhang et al. 2012) , and a moderate number of genetic markers, such as 100 microsatellites (Li et al. 2003; Sekino et al. 2003; Sauvage et al. 2009 ) and SNPs 101 (Fleury et al. 2009; Sauvage et al. 2007; Wang et al. 2015) . Additionally, low to
The aim of this study was to investigate the genetic architecture of resistance 115 to OsHV-1 infection in C. gigas using a large immersion challenge experiment 116 followed by a GWAS to identify loci associated with the trait, and the relative 117 contribution of these loci to the heritability of the trait. Oysters used in this study were obtained from multiple crosses of parents provided 122 by Guernsey Sea Farms (UK) and reared at Cefas facilities. These comprised three 123 pair crosses that were created at Cefas (from 3 sires and 2 dams) and each reared 124 separately, while the rest of the crosses (from 14 sires and 14 dams) were obtained 125 as spat from Guernsey Sea Farms and combined into a mixed culture tank at Cefas.
126
Oysters were held at 20 +/-2 C during post-settlement and fed with a combination of 127 Phenotypic measurements 139 Survival was coded as binary trait i.e. 0 (mortality) or 1 (survival). The viral 140 count of all samples was determined by qPCR according to (Martenot et al. 2010), 141 with the addition of a plasmid based standard curve cloned for absolute 142 quantification. The estimated copy number was then divided by the weight of the 143 animal (mg) to obtain a measure of the viral load. Viral load values were then 144 normalised by transformation to the logarithmic scale for further analyses. where y is the observed trait, u is the vector of additive genetic effects, e is the 181 residual error, and X and Z the corresponding incidence matrices for fixed effects 182 and additive effects, respectively. The (co)variance structure for the genetic effect 183 was calculated either using pedigree (A) or genomic (G) matrices (i.e. u ~ N(0, Aσa 2 ) 184 or N(0, Gσa 2 )), where G is the genomic kinship matrix and σ 2 is the genetic variance.
Hence, the narrow sense heritability was estimated by the additive genetic variance 186 and total phenotypic variance, as follows: Linkage map including all mapped markers and their position is given in File S1.
224
Genotype data corresponding to all informative markers for all the individuals 225 involved in this study is given in File S5. Therefore, overall mortality was approximately 25 %, but in the subset of oysters 232 available for genotyping the mortality was ~18%.
233
A total of 23 full sibling families were identified using the family assignment software.
234
The largest comprised 231 individuals, and the smallest only two individuals. The 235 vast majority of offspring were assigned to a unique parent pair, but a total of seven 236 individuals were assigned to only one parent (five only to a dam and two only to a 237 sire). Making use of the pedigree information, the estimated heritability on observed 238 scale was 0.13 (0.06), corresponding to a value of 0.25 on the underlying liability 239 scale (Table 1) . These estimates were slightly lower when using the genomic kinship 240 matrix, with 0.08 ± 0.03 and 0.17 for the observed and liability scale respectively. For 241 viral load, heritability based on pedigree was estimated at 0.19 ± 0.08 and 0.13 ± 242 0.05 for genomic matrix. (Table 1) The linkage mapping was performed using the 23 full sibling families comprising 809 247 progenies and 31 parents. On average 10% of the markers showed evidence of 248 segregation distortion (p < 0.001) in at least one family with at least ten progenies, 249 leaving 21,087 maternally informative markers and 20,528 paternally informative 250 markers for map construction (Table S1 ).
251
The linkage map contains 20,353 SNPs distributed on 10
LGs (in accordance with 252 the C. gigas karyotype) as shown in Figure 1 , with a length of 951 cM for the male given the low heritability estimates.
285 Table 2 . The top ten markers associated with survival.
286
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LG 6 
289
The GWAS for the trait of viral load detected two markers showing significant 290 genome-wide association with both FASTA and EMMAX, with an addition eight 291 SNPs identified as significant using EMMAX only (Table 3 , Figure S2 and File S4).
292
The SNP showing the most significant association is located in LG 8, however, no 293 other markers are located in the same LG. While most of the markers significantly 294 associated with the trait were not mapped, the nearest mapped SNPs according to 295 their position on the genome scaffolds suggests that three SNPs are located on LG 296 6. Therefore, it is plausible that there is at least one QTL on LG 6, and this QTL may 297 affect both viral load and the binary trait of survival. The proportion of phenotypic 298 variation in viral load explained by the top ten markers ranged between 0.0209 and 299 0.037.
300 Table 3 . Top ten markers associated with viral load.
301
SNP ID
LG nearest marker (position cM) 
318
Oysters from these families also showed lower mortality levels compared to other 319 batches of oyster spat when using a more established single animal bath OsHV-1 320 challenges (data not shown), which would support the possibility of a relatively 321 resistant sample of animals.
322
Linkage map 323 The linkage map construction resulted in 10 linkage groups that correspond to the 324 number of chromosomes of C. gigas, successfully mapping ~20K SNPs. The highest 325 density linkage map for C. gigas to date was described by Hedgecock et al. (2015) 326 and contains ~1.1K SNPs and microsatellites. Therefore, the linkage map presented 327 in the current study is an improvement to existing resources offering an advance for 328 oyster genomics with potential in assisting future mapping studies, particularly those 329 using the medium density SNP array.
330
Family assignments were rigorously tested to avoid pedigree errors in the 331 construction of the linkage maps. Distortions from the expected Mendelian 332 segregation were found in ~10 % of the SNPs in the larger families (p < 0.001) 333 (Table S1 ). Moderate levels of segregation distortion have been commonly observed 334 in oysters (Jones et al. 2013; Hedgecock et al. 2015; Guo et al. 2012 ) and bivalves 335 in general (Saavedra and Bachère 2006) . In the current study, distorted markers were included for the linkage group assignment, but were filtered out for the 337 determination of the order in the LG. It has been argued that distorted markers can 338 affect marker ordering, albeit the effect on map construction has been shown to be 339 minor (Hackett and Broadfoot 2003; Guo et al. 2012) .
340
A measure of the quality of the linkage map was given by overlap with a previous 341 linkage map described by Hedgecock et al. (2015) . Several hundred SNPs were 342 successfully re-mapped to the same LG, indicating correct LG definition.
343
Accordingly, assembly errors observed by Hedgecock et al. (2015) were also 344 observed in our high-density linkage map, where almost ~40% of the mapped 345 scaffolds were assigned to more than one LG (File S1). This linkage map should be 346 able to provide a good base for the identification of assembly errors and the potential 347 re-assembly of the genome, which seems like a requirement to maximise its utility for 348 future genomics research in this species.
349
GWAS and associated genes 350 The association analyses for OsHV-1 survival and viral load suggest that both traits 351 are likely to be impacted by multiple genomic regions, albeit the putative QTL on LG This study is the first to report GWAS using the a high density SNP panel Pacific 388 oysters, and was enabled by the recent development of a SNP array (Gutierrez et al. 389 2017). Heritability of resistance to OsHV-1 in oysters was significant, but low to 390 moderate in magnitude. The fact that this heritability was detected using both the 391 pedigree and genomic relationship matrix implies that selective breeding and 392 genomic selection for resistance is likely to be effective. Using the genotype data, a 393 high-density linkage map was constructed for C. gigas, and the GWAS identified 394 numerous markers showing a genome-wide significant association with the traits.
395
The most encouraging QTL was located on LG 6, reaching genome-wide 396 significance for the binary trait of survival, with some evidence of a significant 397 association with viral load. Future analyses will test candidate genes identified by the 398 GWAS, verify trait-associated SNPs in independent populations, and test genomic 399 selection as a tool to enhance host resistance to this problematic pathogen for oyster 400 aquaculture.
401
